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ABSTRACT: The non-isothermal crystallization behavior of cork—polymer composites (CPC) based on polypropylene (PP) matrix was
studied. Using differential scanning calorimetry (DSC), the crystallization behavior of CPC with 15 wt % cork powder at different
cooling rates (5, 10, 15, and 20 °C/min) was studied. The effect of a coupling agent based on maleic anhydride was also analyzed. A
composite (PPg) containing polypropylene grafted maleic anhydride (PPgMA) and PP was prepared for comparison purposes. Crys-
tallization kinetic behavior was studied by Avrami, Ozawa, Liu, and Kissinger methods. The Ozawa method fails to describe the
behavior of these composites. Results show that cork powder surface acts as a nucleating agent during non-isothermal crystallization,

while the addition of PPgMA decreases the crystallization rate. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44124.
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INTRODUCTION

Given the current environmental, societal, and political situation,
there is a pressing and growing need for innovative, sustainable,
and recyclable materials. Cork is a technologically relevant materi-
al for the 21st century, competing in areas traditionally dominated
by metal and oil derivatives. In a society that requires a more
intelligent use of resources, cork is a reliable and sustainable raw
material. Cork oak forests also contributes to the biodiversity of
species and to the retention of CO,." Cork is the outer bark of the
cork oak tree Quercus suber L. and its main chemical composition
is based on suberin (33-50%), lignin (20-25%); polysaccharides
(12-20%) and extractives (14-18%). In terms of structure, cork
presents tiny hollow cells of hexagonal shape in a closed-cell
foam.> It is well known that the major use for cork is the
production of stoppers, which generates a relative high amount
(30 wt %) of residues, that are usually burned.* These residues
are suitable raw materials for the development of new materials
solutions tailoring the needs of different applications. The combi-
nation of cork with polymeric matrices reveals to be a significant
added-value to cork based materials. Low density, hardness and
cost, good relation between strength/weight, good insulation
properties, and high levels of filling are some of the advantages of
applying natural materials as fillers in thermoplastic composites.
They are, also, renewable and readily available materials, recycla-
ble, and non-toxic.*™®

© 2016 Wiley Periodicals, Inc.
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Mechanical properties of composites are highly dependent on the
interaction between the polymer matrix and the filler. Coupling
agents are usually applied to promote the compatibility between
polymer matrices and lignocellulosic materials. PPgMA is one of
the most used coupling agent in several polyolefin composites
with natural fibers.”? The interactions between PPgMA maleic
groups and hydroxyl groups of natural fibers increase the interfa-
cial adhesion between both materials leading to a better mechani-
cal performance.>? Composites performance depends not only
on the compatibility of the matrix and filler, but also on the mor-
phology and crystallinity. Several studies regarding morphology,
mechanical, and thermal properties of PP filled with natural fibers
have already been reported.'*> However, few studies analyzed
the effect of cork on PP degree of crystallinity** and, so far, none
of the studies are related to the matrix crystallization kinetics.

The final mechanical properties of composites reinforced with natu-
ral materials are partially dependent on the crystallization behavior
of the matrix. Crystallization occurs through the nucleation and
growth mechanisms of small molecules. The addition of natural
materials can influence the crystallization process mostly by reveal-
ing nucleation activity and/or transcrystallization.”>>’ The process-
ing conditions also affects the crystallization behavior. In industrial
processes, like extrusion and injection molding, composites experi-
ence non-isothermal crystallization rather than isothermal crystalli-
zation. In injection molding, processing parameters, such as,
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Table I. Cork Particles: Physical Characteristics

Granulometry Average particle

mesh (um) Cork powder (%) size (um)
1000 23+0.1 596
800 458+0.1

400 51.4+0.1

200 06+0.1

melting temperatures, pressures, and shear rates are applied during
the process. These severe conditions influence the PP crystals nucle-
ation and growth and, therefore, the spherulites number and size.
The use of nucleating agents can contribute for a shorter injection
molding cycle reducing the manufacturing costs. It can also
improves optical and mechanical properties through the develop-
ment of small spherulites.””*®

Soleimani et al.*” studied the effect of flax fiber loading, chemi-

cal modification, and the use of compatibilizer (PPgMA) on the
non-isothermal crystallization kinetics of PP. They found that
the addition of flax fibers resulted in higher degree of crystallin-
ity (X.). This was attributed to the nucleation ability of the
fibers which provides nucleation sites and facilitates crystalliza-
tion of the polymer as well as transcrystallinity. Some fibers
have the ability to act as heterogeneous nucleating agents pro-
moting high density of nucleation centers. The crystals grow in
a direction perpendicular to the fibers surface occurring the
transcrystallinity phenomenon.?” At the same cooling rate, the
addition of fibers increased crystallization temperature (T,). For
higher cooling rates, a lower T. and X. were observed, but a
faster kinetic of crystallization was attained. In this study,”
PPgMA reduced the crystallinity degree, but accelerated the
crystallization rate. The same trend was observed by Grozdanov
et al,”® who have studied the non-isothermal crystallization
kinetics of kenaf fiber/polypropylene composites.

The present study is part of a major project which aims to eval-
uate the feasibility of cork—polymer composites (CPC) produc-
tion through a modified injection molding technology without
minimizing the damage of cork structure. A rheological study
of CPC with three different cork granulometries was already
been analyzed.” This study showed that cork can be considered
on the development of sustainable materials for injection mold-
ing technology. The main objective of this work is to study the
crystallization kinetics of CPC under non-isothermal conditions
using differential scanning calorimetry (DSC). The influence of
cork presence on the nucleation and crystal growth behavior of
PP was evaluated using Avrami,”® Ozawa,”' and Liu et al’*
models. Crystallization activation energy (AE.) was determined

Table II. Compositions Used in the Preparation of CPC
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through Kissinger model.”> CPC crystallization kinetics should
be addressed to better describe the crystallization behavior dur-
ing the injection molding process.

EXPERIMENTAL

Materials

Cork powder used in this work was supplied by a Portuguese cork
producer. Sample was fractionated through sieving (Retsch,
Germany) and the relative amount of particles according to its
size was determined (Table I). No particles were retained in sieves
below 100 pm. The average particle size was calculated recurring

to eq. (1).
— ZWI i 3 (1)

de

where w; is the weight fraction in each sieve and d; is the sieve
mesh size.

The polymeric matrix used in this work is a homopolymer PP
(PPH 10060) from Total Petrochemicals, with a melt flow index
(MFI) of 35 g-10 min~' (230°C, 2.16 kg) and a melting point
of 165 °C. The coupling agent applied was PPgMA from Exxon-
Mobil, Germany (Exxelor™ PO 1020) containing 0.5-1.0 wt %
of grafted maleic anhydride, with a MFI of 430 g 10 min~'
(230°C, 2.16 kg) and a melting point of 162 °C.

Preparation of CPC

Before compounding, the cork particles were dried at 70°C for
24 h in a vacuum oven (Carbolite AX60 model) to stabilize the
moisture content. It is known that the cork structure and com-
position do not suffer significant changes up to 250°C.** CPC
were compounded in a Brabender type internal mixer. The total
volume of the mixing chamber is 355 cm’. First, PP pellets
were charged and melted for 2 min at 180°C and 40 rotations
per minute. Then, cork particles were added and the materials
were mixed for additional 8 min. For the preparation of CPC in
the presence of coupling agent, PPgMA was added together
with cork particles. A formulation of PP/PPgMA (PPg) was
prepared to evaluate the individual effect of PPgMA in the PP
matrix. Compositions of all samples are shown in Table II.

DSC

Crystallization behavior of all samples was carried out in a Shi-
madzu DSC-60 equipment. The equipment was calibrated by
using indium as the reference material. Samples weights varying
between 5.0 and 6.0 mg were encapsulated in aluminum pans.
Each sample was heated from 20°C to 200°C at a scan rate of
20°C/min and held for 2 min at this temperature to eliminate
the thermal history and prevent self-seeding of PP.*> Then, they
were cooled until —80°C and heated again up to 200°C. Four
different heating/cooling rates: 5, 10, 15, and 20°C/min were

Sample Code PP (wt %) PPgMA (wt %) PP/PPgMA ratio Cork (wt %) PP/Cork ratio (PP+PPgMA)/Cork
PPg 95 5 20 — — —
CPC1 85 — — 15 6 —
CPC 1g 83 4 20 13 6 -
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=+ = 20°C/min The degree of crystallinity (X,) was calculated according to eq.

"""" . 15:Clmin (2), where the AH, was obtained through the integration of the

""" ;"OC(;?r:’lT:n crystallization peak. AH? corresponds to 100% crystalline PP

g being equal to 207 J g~' and w is the weight cork fraction in

o the composite.”

3 AH,

% xc(%)—mxmo (2)

T At the same cooling rate, crystallinity increased with the addi-

g tion of cork powder to PP matrix (Table III). This can be

& attributed to the nucleating effect of cork which provided nucle-

ation sites and facilitated the crystallization of the polymer.>”

80 100 120 140
Temperature (°C)

Figure 1. DSC curves of CPC 1 at different cooling rates.

used. Only the second run was considered to analyze the crys-
tallization behavior process: crystallization temperature (T,),
endset temperature (T,), onset temperature (T,), and crystalliza-
tion enthalpy (AH,). DSC thermograms analyses were made by
using TA-60WS software. The crystallinity is associated with the
exothermic peaks maxima obtained by DSC.

Optical Microscopy

Observations under reflected-light microscope were carried out
on a Nikon Eclipse L150. Samples were melted for 2 min in a hot
plate and the crystallites morphology examined upon cooling.

RESULTS AND DISCUSSION

Non-Isothermal Crystallization Behavior

Melt crystallization exotherms of the samples at different cooling
rates are presented in Figures 1 and 2. The DSC curves of CPC 1 at
different cooling rates (all the other samples exhibited the same
behavior—not shown) are shown in Figure 1. The DSC curves of
all samples at cooling rate of 5°C/min are displayed in Figure 2.
The thermal properties of all samples are listed in Table III.

It is visible that T, shifted to lower values as the cooling rates
increase, indicating that the crystallization process occurs sooner
for lower cooling rates. The crystallization peak width became
narrow as the cooling rate is decreasing. This narrowing can be
associated to a lower crystallites geometry dispersion, where at
lower cooling rates the formation of less perfect crystallites is
attained.*

At a given cooling rate, the values for the T, of composites were
higher than neat PP and the addition of the coupling agent
resulted in an increase of T. At higher cooling rates, polymer
chains were less movable and possessed shorter time to diffuse
into the crystalline phase, which resulted in a decrease of T..
Lower cooling rates promote conditions for better polymer
crystals development due to a kinetic process. It is also known
that the polymer chain length and its branches influence the
crystallization process.*®

From Figure 2 it is seen that composites materials crystallization
peaks are between PP and PPg crystallization peaks, indicating
that the crystallization process is governed by the polymeric
matrix.
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Additionally, at the same cooling rate the presence of cork also
increased T..

The use of PPgMA, not only attributes for the increasing of the
degree of crystallinity of PPg and CPC 1g, but also the time
needed to achieve 50% extent of crystallization (defined as half-
time crystallization (#;,,), which is obtained directly from the
plot of relative degree of crystallinity (X, vs. time). These results
show that, although, the addition of PPgMA leads to higher
crystallinities, it is observed that non-isothermal crystallization
occurred faster in neat PP and CPC 1. This means that, howev-
er, more crystals are growing, they’re growing very slowly, which
reduces the overall crystallization rate.

Zhang et al®® proposed the crystallization rate parameter
(CRP), which can be used to quantitatively compare the non-
isothermal crystallization rate. CRP can be determined by the
slope of a linear plot of 1/t;,, versus cooling rate. A higher slope
implies a faster crystallization rate.

Figure 3 shows the plots of 1/#,, vs. cooling rate and CRP
values are displayed in Table III. CPC 1 presented the higher
CRP value, proving the nucleating effect of cork. The presence of
the coupling agent reduced the crystallization rate, probably due
to the increased interactions between cork-PP in the presence of
PPgMA. As the degree of grafting increases, the mobility of poly-
mer chains segments decreases hindering the crystallization rate.*

The relative degree of crystallinity (X,), as a function of temperature,
is determined applying eq. (3), where T, and T, are the onset and
end temperatures, respectively.

Normalized Heat Flow

80 100 120 140
Temperature (°C)

Figure 2. DSC curves of all samples at 5°C/min.
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Table III. Non-Isothermal Crystallization Parameters Obtained by DSC (R2—Correlation Coefficient)
Sample ¢ (°C min~1) To (°C) T. (°C) Xc (%) t1/o (s) CRP R?
PP 5 122.8 114.8 49.7 100 0.086 0.987
10 114.0 106.1 41.5 54
15 111.5 103.6 40.1 38
20 109.2 99.2 39.0 32
PPg 5 133.4 124.7 52.4 125 0.084 0.980
10 127.6 120.0 50.7 61
15 125.5 118.2 48.2 41
20 124.6 116.9 47.5 35
CPC1 5 124.1 118.5 50.0 82 0.095 0.995
10 121.5 114.6 49.8 48
15 120.0 111.6 50.7 34
20 118.5 108.8 50.6 28
CPC 1g 5 126.1 119.0 53.0 97 0.060 0.994
10 123.5 114.8 53.8 62
15 120.5 111.9 50.7 44
20 119.9 109.8 52.0 37

T
dH,

J, Car)

7, \ dT

T

~ (dH,

I, Car)

r, \dT

During the non-isothermal crystallization process, the relation

between crystallization time () and temperature is given by eq.
(4), in which ¢ is the cooling rate.

t:‘TO_T|
¢

Curves of relative crystallinity as function of time for all the
studied samples are presented in Figure 4. At different cooling
rates all curves have the same sigmoidal shape.

X, = (3)

(4)

The first nonlinear part is usually considered the nucleation
step of the crystallization process.”” The longest nucleation step
occurs for PPg sample (5°C/min), which indicates that more
nuclei were formed. PPgMA presence seems to induce the
formation of more nuclei for crystal growth. In this case, a

257 LcPc1
+PP
2 1 mPPg
xCPC 1g *
115 4 .
E
< 14
0.5
0 . y . ;
0 5 10 15 20

Cooling rate (°C-min-1)
Figure 3. Plots of 1/t1/2 vs. cooling rate of all samples.
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fast primary crystallization occurred in the early stage, while a
slower secondary crystallization at the latter stage is observed.
The curvature of this second nonlinear part leveled off, which
was probably caused by the spherulite impingement or crowd-
ing in the late stage of crystal growth.*>*' Higher cooling rates
managed to complete the crystallization process in a shorter
time. This behavior is also observed through the #,,, parameter
(Table III). It is visible that, t,,, decreased with the increase of
cooling rate, indicating that a shorter time is needed to achieve
50% extent of crystallization.

Non-Isothermal Crystallization Kinetics
The Avrami®® model is commonly used to describe the isother-
mal crystallization kinetic behavior:

1—-X,=exp (—Zt") (5)

where Z, is the crystallization rate constant containing the
nucleation and growth rates and it is temperature dependent; n
is the Avrami index which depends on the type of nucleation
and growth process. The linearized form can be written as:

log [~In (1—X;)]=log (Z;)—n log (t) (6)

Mandelkern*? considered that the primary non-isothermal crys-
tallization stage can be described through this model, based on
a constant crystallization temperature assumption. The n and Z;
parameters do not have the same physical meaning as in the
isothermal crystallization processes, since the temperature
changes steadily during a non-isothermal crystallization. Nucle-
ation and crystal growth are temperature dependent, and a tem-
perature change at a given cooling rate affects the kinetics
of both processes. Jeziorny® calibrated the Z, parameter, consid-
ering the temperature dependence of the non-isothermal
crystallization:

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44124
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Figure 4. Relative crystallinity (X;) vs. time (t) curves of the samples: (a) PP, (b) PPg, (c) CPC 1, and (d) CPC 1g.

log Z,= _IOg(E)Zf) )

Avrami plots are shown in Figure 5 and the kinetic parameters
are presented in Table IV. In the fitting, it was considered X,
values between 10 and 90%.

The variation of the Avrami parameter »n with cooling rate indi-
cates the presence of a growth and nucleation mixed mecha-
nism. According to literature, n should be an integer value
varying from 1 to 4.** A non-integer value also designates a

a) b)

crystallization process in various growth forms, indicating that
the nucleation/crystallization mechanisms are difficult to be
established in a single way and, additional information must be
obtained. The determination of #n depends upon factors, such
as, volume changes due to phase transformation, incomplete
crystallization, annealing, or different mechanisms involved dur-
ing the process.*” In this study, the n values variation indicate a
three-dimensional growth mechanism.** However, non-integer
values were obtained and a more detailed analysis is required to
evaluate the specific nucleation mechanism.

i 0.6 -
0.4 ] 0.4 4
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= 01 E 01
X 02 < 024
£ 04 % -0.4
3 <]
2 06 = -0 |
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og log(t
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0.2 4
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0 4
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Figure 5. Avrami plots of the samples: (a) PP, (b) PPg, (c) CPC 1, and (d) CPC 1g.
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Table IV. Avrami Kinetic Parameters
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Samples ¢ ((Cmin”%) N Z. (min°C™1) R?

B 5 3.79 0.689 0.994
10 3.09 1.034 0.997
15 293 1.113 0.999
20 2.96 1.117 0.999

PPg 5 5.89 0.434 0.993
10 4.08 1.030 0.992
15 3.45 1.077 0.993
20 3.32 1.085 0.993

CPC 1 5 3.45 0.808 0.999
10 3.18 1.029 0.996
15 3.14 1.085 0.993
20 2.90 1.091 0.992

CPC 19 5 3.67 0.699 1.000
10 3.75 0.994 1.000
15 3.26 1.065 0.999
20 3.39 1.070 0.996

The rate parameter Z. increases with increasing cooling rate,
meaning an increase in crystallization rate. When compared to
neat PP, an increase of Z, values is observed for CPC 1, sugges-
ting an increase in the heterogeneous crystallite nucleation
rate.*” Contrarily, the addition of PPgMA revealed a decrease in
Z,.

Ozawa’' extended the Avrami model to describe the non-
isothermal processes [eq. (8)] by assuming infinitesimally small
changes in the isothermal crystallization steps and obtained:

K (T)>
(pm
where m is the Ozawa exponent, which is dependent on the
nucleation density. The spherulitic radial growth rate and K(T)
is a function of the overall crystallization rate. The linearized
form of the model is shown in eq. (9).

In[~In(1-X,)]=In K(T)—mln(e) 9)

1—X,=exp (— (8)

The Ozawa model is one of the most used models for studying
non-isothermal crystallization kinetics. Ozawa plots for CPC 1
at different crystallization temperatures are represented in Fig-
ure 6. It is clearly seen that in the presence of cork, the Ozawa
plots are nonlinear and so, the Ozawa model could not be used
to describe adequately the non-isothermal crystallization of PP/
cork composites. The reason why this happened was attributed
to the secondary crystallization stage that occurs during non-
isothermal crystallization process of PP in the presence of cork.
In a study by Grozdanov et al,”> where they studied the non-
isothermal crystallization kinetics of kenaf fiber/polypropylene
composites, they found the same behavior when fitted the data
to the Ozawa model. They explain this non-linearity by the fact
that for different cooling rates and at a given temperature, the
crystallization processes are at different stages. More specifically,
at lower cooling rates, the process is at the end of the crystalli-
zation, while at higher cooling rates, the crystallization is at an
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early stage. Xu and coworkers’® when analysed the non-
isothermal crystallization kinetics of PP composites reinforced
with down feather fibers had the same Ozawa non-linearity ten-
dency. The fact that Ozawa’s model does not consider the slow
secondary crystallization was considered as the reason for this
behavior.

The description of the non-isothermal crystallization kinetics
only by a single method is non-effective, once several parame-
ters need to be taken into account simultaneously. Liu et al.*?
proposed an alternative method through the combination of
Avrami and Ozawa models [eq. (10)] based on the fact the rela-
tive degree of crystallinity is correlated to the cooling rate and
crystallization time.

log(¢) =log [F(T)] —alog(t) (10)

where F(T) =[K(T)/Z]"™ [eq. (11)] refers to the cooling rate
value in which the system reaches a certain degree of crystallini-
ty in the unit of time, while « is the ratio between Avrami and
Ozawa exponents (o = n/m).

Liu’s approach plots are given in Figure 7 and the correspond-
ing parameters are presented in Table V. A small variation of «
and a R* closer to one reveals that Liw’s method was capable to
describe accurately the non-isothermal crystallization of the
analyzed materials. Values of a closer to 1 were obtained for PP,
PPg, and CPC 1g samples, indicating that Avrami and Ozawa
exponents are similar. It also discloses that the ratio of crystalli-
zation between 5°C/min and 20°C/min is constant whatever
the relative crystallinity (see Figure 7).

For CPC 1, a values were closer to 2, which means that Avrami
exponent is superior than Ozawa exponent. As referred above, a
n value between 2 and 3 can indicate a three-dimensional crys-
tallization growth. Furthermore, the crystallization ratio
increased reinforcing the idea of cork as a nucleating agent.

F(T) value increased as the relative crystallinity increases, since
the motion of molecular chains became slower as the material
crystallized and the formation of new crystals is hampered.*’
Higher F(T) values imply a slower crystallization rate. CPC 1
presented the lowest F(T) values, indicating a faster crystalliza-
tion rate when cork is added to the PP matrix. This result con-
firms, once again, the nucleating ability of cork. On the other

25 4

2 4

. In[-In(1-Xt)]
o o =
(9,1 o [9,] = w

-1 4

-1.5

2.5 3

N

L In(e)

Figure 6. Ozawa plot for CPC 1 at different crystallization temperatures.
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Figure 7. Liu plots of the samples: (a)

hand, the addition of PPgMA decreased the crystallization rate
(both for PPg and CPC 1g). As discussed before, the increased
interactions between cork and PP due to the presence of
PPgMA resulted in a decreased mobility of the polymer chains
and, consequently, the crystallization rate is hindered. The
results obtained from this model are in agreement with those
obtained by the Avrami model.

According to Vyazovkin and Sbirrazzuoli,*” the Kissinger mod-
el [eq. (11)] seems not to be the most efficient method to

Table V. Liu’s Kinetic Parameters

Sample Xe a F(m R?
PP 0.2 117 5418 0.99
0.4 1.24 7.18 0.99
0.6 1.32 9.00 0.99
0.8 1.39 11.50 1.00
PPg 0.2 0.85 7.21 0.99
0.4 0.90 8.24 0.99
0.6 0.95 9.37 0.99
0.8 1.02 10.99 0.99
CPC 1 0.2 1.72 3.98 1.00
0.4 1.70 5.97 1.00
0.6 1.74 8.13 1.00
0.8 1.86 11.53 1.00
CPC 19 0.2 1.27 5.73 0.98
0.4 1.29 7.63 0.98
0.6 1.32 9.43 0.98
0.8 1.39 11.78 0.99

log(t)

PP, (b) PPg, (c) CPC 1, and (d) CPC 1g.

evaluate crystallization activation energy (AEc). Although in
order to compare the activation energy with similar studies, the
Kissinger method was used. AE- is the activation energy
required for transportation of molecular segments from melt to
the crystal growth surface.

-85 -

-9.5 4

In(Q/T2;)

-10 A

-10.5

2.6 27
1/T, (x103,K-)

Figure 8. Kissinger plots of the samples.
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Table VI. Crystallization Activation Energy (AEc) of Samples

Sample AE¢ (kJ mol™1) R?

PP —alalisy7/aL 0.99
PPg -233.84 0.99
CPC1 —-187.47 0.98
CPC 1g -217.88 0.99
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Figure 9. Optical micrographs of the samples: (a,c) pure PP and (b,d) PP in the presence of cork. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

~are_(m(2))
)

where R is the gas constant and T, is the crystallization
temperature.

(11)

Kissinger plots are visible in Figure 8 and the corresponding AE:
values are listed in Table VI. The AE values are negative owing to
the exothermic character of the transition from melt to crystalline
state. From these negative values, we can also infer an increase of
crystallization with decreasing temperatures, revealing a barrier-
less crystallization process.*’ The addition of cork resulted in a
decrease of the AE- compared to neat PP, indicating a faster crys-
tallization rate in the presence of cork. Soleimani et al.*” reported
that biofibers act as high energy sites lowering the activation ener-
gy needed for nucleation. The low AE values for composites are
in agreement with theirs higher crystallinity degree (see Table III).

Optical Microscopy Analysis

Optical microscopy analysis was performed to visualize the nucle-
ating ability of cork. Optical micrographs of pure PP and PP in
the presence of cork powder at different magnifications are shown
in Figure 9. The results suggest differences between the number
and dimension of crystallites when PP crystallizes in the presence
of cork. A higher number of crystallites with smaller dimensions
is seen when PP crystallizes in the presence of cork, supporting the
nucleating ability of cork already checked through the non-
isothermal crystallization analyses. In semi-crystalline polymer

Mlh‘}j WWW.MATERIALSVIEWS.COM
\,uﬂ"B
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composites reinforced with natural fibers it is usually observed a
typical nucleation morphology: transcrystallinity.** However, in
this case no transcrystalline layer on cork was found. The same
observation was reported by Fernandes et al.**

CONCLUSIONS

The non-isothermal crystallization behaviors of PP, PPg, and CPC
were investigated at different cooling rates (5, 10, 15, and 20°C/
min) through DSC measurements. It was found that the crystalli-
zation behavior was affected by the different cooling rates. At
higher cooling rates, the crystallization occurred at lower tempera-
tures. Avrami, Ozawa, Liu, and Kissinger methods were applied to
analyze the non-isothermal kinetics of all samples. Avrami and
Liu methods successfully described the non-isothermal crystalliza-
tion processes of PP and composites, while the Ozawa model
failed, due to the secondary crystallization stage. The addition of
cork increased the crystallization rate of PP matrix and the Avrami
parameter 1 was between 2 and 3, indicating a three-dimensional
crystallization growth (also supported by optical microscopy). On
the other hand, in the presence of PPgMA, the crystallization rate
is hindered, owing to the introduction of maleic anhydride group.
Even though the crystallinity degrees at all cooling rates for com-
posites with PPgMA are higher, theirs t;,, increased, meaning
that, although more crystals are growing, they’re growing more
slowly, which reduces the overall crystallization rate.

The present study allowed to understand the effect of different
cooling rates on CPC non-isothermal crystallization process.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44124
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